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I. .Introduction
The basic principle of fusion is combining two light nuclei to form one nucleus
that is lighter than the combination of the original two. This loss of mass is con
verted into energy (E = mc2 ) which can be harnessed for various applications.
Fusion can take many different and varied forms including: aneutronic fusion,
magnetic confinement (MFE), and inertial electrostatic confinement (IEC) to
name a few. Fusion is highly adaptable because it can use several different
types of fuel such as Deuterium-Tritium, 'Iritium-Helium-3, Proton-Boron11,
and Deuterium-Deuterium mixtures. On top of this, each of the fusion tech
niques mentioned uses different conditions to generate fusion. Because of the
varied ways in which fusion can be attained it is a clean energy source that is
almost infinitely renewable, solving not only an energy crisis but also removing
the issues of radioactive waste from traditional nuclear power plants and emis
sions from other power sources (i.e. coal and oil).

Forms of Fusion
Aneutronic

Aneutronic fusion is essentially fusion without the production of neutrons,
which are penetrating and are radioactivity. An aneutronic experiment takes
deuterons (ionized deuterium nuclei) and passes them through a linear acceler
ator, giving the deuterons a large kinetic energy before fusion. The advantage
of this is that not only are the deuterons heated (the energy is equivalent to
heating the deuterons to 7 billion Kelvins) but they also have a nonrandom,
linear direction associated with them and a magnetic field can be used to curve
the deuterons into intersecting orbits. These orbits will form a rosette shape,
creating a larger opportunity for fusion. A typical fuel mixture for aneutronic
fusion is Proton-Boron 11. This fuel has several nice features such as the reac
tants are all charged particles so conversion to energy is direct. There are also
many fuels other than Boron 11 available in nature. However, there are several
negative features as well including the need for extreme heat and very difficult
confinement technology that is immature compared to other forms of fusion [9].

MFE
Magnetic confinement (MFE) is another key form of fusion. A very strong
magnetic field controls a plasma in the center of the fusion chamber, away from
collisions with the walls which would slow down the particles and reduce their
kinetic energy. Depending on the elements being fused, a variety of particles can
be produced including neutrons. The simplest way to form this is with a toroid
however other methods are possible, depending on the setup and elements being
fused. One of the most prominent examples is the Tokamak Fusion Test Reactor
(Tokamak). Located at Princeton Physics Plasma Laboratory, the Tokamak was
in operation from 1982-1997 and significantly enhanced our knowledge of fusion.
However there are several drawbacks to the Tokamak design. First, the cost of
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generating such powerful magnetic fields becomes quite expensive incredibly
quickly. Second, the space requirement is a huge drawback as well given that
the toroidal component of the Tokamak was large enough for a person to walk
through, not including any of the beam devices or steam mechanics that produce
the fusion and energy. While the possible output is phenomenal in terms of
current technologies, it is not efficient in terms of consumption versus output

[2].
!EC
Inertial Electrostatic Confinement (IEC) is a form of fusion that uses a
voltage potential to accelerate light nuclei (i.e. deuterium) towards a central
area where the nuclei are likely to collide with a high kinetic energy and fuse
into a new element (i.e. deuterium fusing to tritium).
Philo Farnsworth is credited with conceiving the first IEC fusion device.
Farnsworths IEC device was comprised of spherically symmetric ion guns fo
cused towards a center (other symmetries are possible). The ions were further
accelerated by a single grid in the center. Robert Hirsch worked with Farnsworth
to create a more practical device that used two concentric spherical electrodes,
increasing the number of high-energy ions that pass through the center through
the concept of recirculation. Having the chamber act as one of the two concen
tric electrodes is efficient and decreases the amount of grid damage that becomes
a limitation in a Hirsch IEC device, as long as some safety precautions are taken
[3].
Current Research

George Miley has been working with fusion and plasmas and has made many
interesting advances. One is using neutrons to probe materials for impurities
during the manufacture of cars. When neutrons hit the materials, characteristic
gamma rays are emitted that provide information about the composition. Miley
is researching ways to increase the neutron emission rate of IEC devices. If the
emission rate could be increased by two or three times the current rate, the uses
for IEC devices would become attractive for medical isotope production and
other medical radiation treatments. Other potential applications include using
neutrons for such tasks as locating oil for drilling, searching metals for cracks,
and inspecting luggage at airports. Miley is also researching using IEC devices
for deep space missions by NASA with aeronautical engineer Rodney Burton
[8].
Jerry Kulcinski has investigated developing fusion reactors as sources of eco
nomical, clean, and safe energy. Kulcinski is a proponent of using advanced
fuels such as Deuterium-Helium 3 fuel to generate electricity. The Deuterium
Helium3 fuel cycle has approximately 1 % of its energy in neutrons instead of the
80% that is typical of the Deuterium-Tritium cycle. Kulcinski's other research
includes analyzing and designing new IEC reactors and materials problems as
sociated with IEC and MEF reactors such as hazardous waste and byproducts.
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Other research includes the use of lasers on ion beams to aid power production

[6].

II. The Project
The primary objective of this project was to ensure that the fusion reactor
was actually fusing. The system we are using is an IEC reactor with a fuel of
deuterium gas. We have a spherical chamber with the basket suspended in the
center of the chamber by a wire. Deuterium was used for several reasons such
as it is a cheap reactant and generates non-radioactive reactants. Once it was
ascertained that the reactor was fusing, factors that affect and alter the rate
of fusion were to be investigated (i.e. grid design, neutrals, and incandescence)
with one of the main questions being how does a change in grid design affect the
rate of fusion inside of the reactor. Once these factors were assessed our goal
was to maximize the neutron production while minimizing the use of deuterium
and electricity in the system.

\
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Figure 1: The outer circle is the chamber which acts as one of the two elec
trodes. The. inner ring is representative of the grid at the center of the ap
paratus. The smaller dots represent deuterons with vectors indicating the
magnitude of the pull they experience due to the negative charge on the grid.

Obtaining Fusion
In this section we will define how fusion at Longwood University was attained
and the steps required to get there. The main problem facing the fusion project
was the issue of electrical arcing between the chamber and the fusing grid and
wire. We sought to shield the wire because the wire and grid have a negative
potential put across them while the deuterium ions are positive. By shielding
the wire we were hoping to eliminate the small amount of deuterium that was
5

being lost due to collisions with the wire, rather than other deuterium ions
inside the grid. Shielding the wire was an issue because while a plasma could be
attained, an arc would disrupt the plasma causing it to decay and the "noise"
of these arcings would throw off the collection rate from the neutron detector
that was being used.
Our first attempt to fix this issue was by using small macor beads as in
sulators for the wire. Macor is a glass ceramic that is able to withstand high
temperatures, is a good insulator, and is machine-able (i.e. you can cut, drill,
and shape it using machine shop tools). This made it an ideal insulator for
the wire but even after this there was still arcing. The hypothesis was that the
arcing was occurring from small gaps between the beads so a larger single length
tube of macor was ordered. This however did not stop the arcing either. We
hypothesized that the macor itself was becoming charged by either the wire or
the deuterium in the chamber so arcing still occurred. We finally determined
that leaving the wire unshielded seemed to be the only viable option.

Figure 2: IEC chamber with a deuterium plasma. The grid is visible
through the viewing window.

III. Data Collection and Analysis
Detectors
For the fusion reactor we used two distinct types of neutron detectors:
Neutron Dosimeters (Bubble Detectors) and an Eberline neutron detector. The
bubble detectors are essentially tubes of hydrogel (a gel composed of polymers
suspended in water) that forms bubbles when a certain amount of radiation
measured in mRem passes through a square centimeter (Note: The Eberline
detector measures radiation in µRem so µRem was used for consistency within
any calculations). The Rontgen equivalent man (Rem) is a measure for the dose
6

of ionizing radiation (measured in Rontgens) to the body tissue in relation to its
estimated biological effect. Generally, a Rem is equivalent to 1 dose of Rontgen
due to an x-ray. Since a Rem is a large unit, most measurements are done in
either milliRem (mRem), 0.001 Rem, or microRem (µRem), 10- 6 Rem. This
ratio is denoted on the counter itself (i.e. 29 bubbles per mRem) and is used
in the calculation of neutrons per second (N/s) that are being produced. An
advantage of the bubble detectors is that they can be reset and used again within
40 minutes of prior use without an effect on accuracy or readings. However, the
bubble detectors only have an expected shelf life of 9-12 months making them
relatively short lived for an ongoing project. Another advantage is that they
are relatively cheap and are easily replaced. The Eberline detector consists of
two parts: there is a display unit and the actual detector, a 9-inch cadmium
loaded polythene sphere with a BF3 tube in the center. The display unit directly
outputs the µRem that it registered over a 20 minute reading.
Once the wire was left unshielded we began to try to find a pressure that
would allow for fusion given our system. Fusion was verifiably attained on
November 13, 2008 by the production of a bubble in all three bubble counters.
These bubbles were attained at a pressure of 2.81 x 10- 2 mTorr, a current (I)
of O - 4 mA and a voltage (V) from 16.65 - 17.5 KeV.

Figure 3: One of the bubble detectors after a run of the fusion
reactor. The bubbles are clearly visible and are reasonably easy to
count. The bubbles form when a certain amount of neutrons pass
through the detector per second. This ratio is generally denoted
as a certain number of bubbles per mRem on the detector itself.

Data and Neutron Rate Calculation
Once it was ascertained that our system was actually fusing, the next step
was to produce a set of data that would allow us to analyze what was occurring
and to possibly create a predictive model for the behavior for fusion given certain
7

conditions. Data was collected starting at 17 KeV by half KeV increments with
a constant pressure of (2.71 ± .07) x 10- 2 mTorr. These data are shown in the
table below:
Voltage
KeV
20
19.5
19
18.5
18
17.5
17

Eberline
µRem

35.5
19.1
12.1
7.8
8.97
8.58
14.8

Current
mA
[9.9, 12.9]
[3.9, 4.8]
[4.2, 4.8]
[3.1, 3.5]
[2.7, 3.2]
[2.0, 2.7]
[1.6, 4]

Bubble
Bubble
12
3
8
5
3
5
0

Bubble
N/s
5348.5
1384.9
3565.7
2228.6
1384.9
2228.6
0

Eberline
N/s
5166.6
2779.8
1761.0
1135.2
1305.5
1248.7
2153.9

Table 1: Data and N /s production for the fusion reactor using the Eberline
detector and the bubble detectors.

The bubble detectors were a constant 13.1 cm from the center of the chamber
to the center of the bubble detectors while the Eberline was a constant 43.9 cm
from the center of the chamber to the center of the detector.
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Figure 4: A schematic diagram of the apparatus and detectors. During
data recording the detectors were on opposite sides of the reactor.

First an assumption is required: we assume that the neutrons are being
produced uniformly in a spherical distribution around the center of chamber
[12]. This is a reasonable assumption because the deuterium should be uniformly
distributed about the grid in the center of the chamber. Knowing this it stands
to reason that fusion should occur uniformly within the chamber and thus the
neutron production should also be uniformly distributed. After looking up the
equivalent neutron flux dosage from the United States Department of Labor
[11], we simply use the following formulas to determine the number of neutrons
per second being produced.
For the bubble detectors:
mRem

l
1200s

lO00µRem

28.8� *
Asl

--- X ---- X -- X -��

bubble

mRem

8

µRem

where As1 is the area of the spherical neutron distribution ( cm2 ) given by the·
radius from the center of the chamber to the center of the bubble detector ( see
Figure 4). Note that the time has been converted to seconds and that we are
multiplying by the area of the distribution, rather than the volume. These
conversions were done because we would like the number of neutrons per second
and the bubble detector measures neutron production through an area, the area
of the spherical distribution in our case. The first two steps are simply taking
the ratio of bubbles per mRem given on the bubble detector and changing that
ratio to µ,Rem
s .
For the Eberline detector:
µRem
--s

X

28.8�
µR em

X

A s2

where A s2 is the area of the spherical neutron distribution (cm2 ) given by the
radius from the center of the chamber to the center of the Eberline detector (see
Figure 4).
Plotting the data shows a polynomial distribution for the Eberline data:
Voltage vs Neutron Production
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Figure 5: Data plot for the Eberline detector (□ data points) and the bubble detectors
(◊ data points). It appears that two of the bubble detector readings (l 7KeV and 19.5KeV)
are possible outliers that are skewing the bubble detector distribution. Analyses at different
pressures would allow a greater view of the overall distribution for neutron production.

Analysis of Data
We obviously know that the system is fusing given the production of neutrons
as well as having a plasma. However, there are many underlying causes for this
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fusion and they should be looked at and evaluated in terms of what we know
and what is hypothesized.

Neutrals
One issue regarding the neutron rates is the issue of fast moving neutrals.
We have interpreted fast neutrals to be two distinct types: dueterium and an
tineutrinos. Deuterium should encompass the majority of fast neutrals that are
inside of the chamber. They are called fast neutrals because while they are not
ionized, they are still affected by the electric potential generated in the core as
well as by being bombarded by other particles and atoms (i.e. neutrons, ionized
deuterium, and deuterium). Because of these collisions, some of the neutrons
will either scatter back towards the center of the chamber rather than outwards
or have a reduction in velocity, both of which will make them uncountable by
either detector. This skews the true count of neutrons being produced per sec
ond by the system. Antineutrinos should not be considered a majority of the
fast neutrals inside the chamber. An antineutrino is formed from the /3 decay
of a neutron given by the following reaction:

where n is a neutron, pis a proton, e- is an electron, and r; is an antineutrino.
It is important to note that charge is conserved within this reaction. The total
charge on the left side is O while on the right there is +1, -1, and O from the
proton, electron, and antineutrino respectively. Since antineutrinos are formed
by decaying neutrons the overall neutron count will also be skewed by this,
depending on the rate of decay occurring. Another factor to consider again
is the collisions between particles (electrons, protons, antineutrinos, etc) and
deuterium and deuterons (ionized deuterium) inside of the chamber. These
collisions can scatter neutrons back towards the chamber, rather than outward,
as well as scatter deuterons away from the center of the chamber rather than
towards the center where the fusion is taking place.

Associated Dangers
As seen in the data table earlier in this section, the fusion reactor is not
putting out enough radiation to harm living tissue (½to 6½ Rem per month [11])
unless there was exposure to the fast neutrons on the order of approximately
232 consecutive days (given the highest µRem output of the run)! So while the
system is producing harmful byproducts, they are not on a level to cause health
concerns.

Interpretation of Data
Given these data, we would like to determine what factors we can modify
that will affect the probability of fusion. This is desirable because one of the
overall goals of the project is to find a way to maximize the neutron production
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while.minimizing the use of deuterium and electricity. Several key factors that
affect the probability of fusion are the cross sectional area curve, temperature,
and incandescence.
The cross sectional area is essentially a way to calculate the probability of
fusion. This is because if two light nuclei will pass within a certain distance
of each other then they will fuse due to the color force between the quarks.
Thus by finding the cross sectional area for each particle, we could evaluate
each particle pairing and see how many of them would fuse in a given system
such as ours. This idea is discussed in more detail below. To calculate the rate
of fusion we use:
Rt= n2 avr3
where R 1 is the rate of fusion, n2 is the density of the plasma, a is the cross
sectional area, vis the velocity of the particles, and r 3 is the radius of the plasma.
However, this equation presents a problem. We must know a large amount of
data and be able to accurately relate all of the data. Given our apparatus, we
do not know the number of particles or their velocity because it is a non-uniform
distribution of particles, ions, and molecules inside the chamber. Another issue
is that for each change in voltage or current, the velocity of the particles and
the radius of the plasma are going to change. W hen more voltage is applied the
deuterons will feel a greater Coulomb force towards the grid and the plasma will
grow in size according to the increase in fusion. A final and somewhat intriguing
issue is that we are assuming the plasma is a uniform spherical distribution. For
our apparatus, the plasma does not appear to form a sphere but rather an ovoid.

Figure 6: A deuterium plasma from the fusion reactor. The
plasma is centered inside the grid and appears to be an ovoid.

However due to previous work in this field we do have a list of data points
for the cross sectional area given a particular voltage for the system. Looking
at the cross sectional area from 17-20KeV yields the following equation: a =
(10-9)V4.1693_
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The temperature inside of the .chamber plays a key part of the fusion process
in that the plasma acts as a black body. A black body is an ideal system that
absorbs all radiation that is incident upon it. This is important because a key
feature of a black body is that the power of the emitted radiation will increase
with the temperature. In essence, the warmer the plasma, the more fusion that
will occur. This make sense because the warmer the plasma, the particles inside
of the plasma will be more excited, which means they will have more energy,
thus increasing the number of fusible collisions. Knowing this would allow us to
create a model to help predict the rate of fusion given a certain temperature as
well given that it is possible to calculate the temperature using incandescence.
Incandescence is essentially the light emitted from a hot body. This is im
portant because it shows that the temperature and incandescence are not in
dependent factors but must share some correlation. Because of this we can use
the incandescence to approximate the temperature of the plasma itself. How
ever, we again run into the issue that the temperature itself is non-uniformly
distributed. The hottest part of the chamber will obviously be the center of the
plasm a but as you move farther out, the temperature will begin to decrease for
several reasons including the fact that there is heat loss through the shell of the
chamber and there are a reduced number of particles, ions, and molecules as
you move farther from the center of the chamber.

Figure 7: This plasma was attained at 20KeV and 13mA. It
is very obvious that the plasma is an ovoid with small particle
tails off to either side. The grid is glowing because of the
temperatures that are being generated by the plasma. The
exterior rings are reflections of the glowing grid. This image
helps illustrate the significance of incandescence.
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IV. Future Work
Probability of Fusion Code
The next big step in the project will be to take the pseudo code and write the
computer code that will take accurately predict the probability of fusion given
information such as voltage, current, pressure, etc (see the Appendix). This
would be made possible primarily due to the use of a software called SIMION.
SIMION allows the user to model particle interactions such as the fusion cham
ber and will record data for the particles that are being evaluated in the model
[10]. To model the probability of fusion we need to evaluate particles moving
towards each other. With SIMION we know the particles' velocity, position,
and the voltage being used and are able to access them as arrays of data. We
then look at the scenario as if we were on one of the particles and evaluate the
probability of fusion between that particle and any other given particle close to
it. We can look up the cross sectional area associated with the interactions of
these particles since the cross sectional area is the probability of fusion. If the
other particles pass within a certain radius of each other within one time step,
then they will fuse due to the color force. The radius is found because we can
look up the particular cross sectional area in question and that cross sectional
area is a circle, thus: a= 7r(Rma:iY- Solving for Rmax yields

Using a linked list, we can then remove these two particles from any future
calculations so they are not double counted. We repeat this for the remaining
particles within that time step and increment to the next time step and repeat
the procedure. However there a.re certain drawbacks to this method. First and
foremost is the time complexity which is 0(n 2 ). This means that if it takes 16
seconds to evaluate a model with 4 particles, it will take 64 seconds to evaluate a
model with 8 particles. Time complexity aside, the code is an important aspect
of the project because we can then model different grid forms and see how the
probability of fusion would change for given grid types.

Enhanced Grid
One of the next steps will be to generate new types of grids for the fusion
reactor. Our current grid is of a standard form in that it is a spherical basket of
nichrome wires. Other models incorporate more wires and different wire shapes
(i.e. a sphere made from one wire). We would like to try and evaluate different
shapes and types of grids to see if there is a distinct form that works better in a
given situation compared to others. To do this we will need the computer code
so that we may evaluate the performance of the grid before it is created, saving
materials and time.
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Ion Gun
An interesting modification to the system would be the addition of an ion
gun that could feed in a pure beam of deuterium towards the grid. Doing this
would help to remove the plasma dependency because we could then study the
particle interactions without the aid of the plasma. An important aspect is that
with a pure beam of deuterium being fed into the chamber we could evaluate
fusion rates at pressures much lower than those that were used. At a low enough
pressure (i.e. pure vacuum) our scenario would become two ion guns pointed at
each other. This would help to remove the issues associated with a plasma (i.e.
incandescence, fast neutrals) while still obtaining data.

Pressure Variation
A more immediate project would be to collect data for different pressure
ranges and compare them with the current data. By varying the pressure, it
will become clearer how our system is fusing and allow us greater accuracy in
predicting fusion rates because different trends should become apparent within
the data. This is because the ease of fusing changes depending on the pressure
inside of the chamber. For example, it is easier to fuse at a higher pressure (i.e.
3 x 10- 2 mTorr) then a lower one (i.e. 3 x 10- 6 mTorr).

V. Conclusion
Overall the project seems to be a success. The primary objective of ensuring
that the fusion reactor was actually fusing has been successfully met. Using both
bubble detectors and the Eberline detector we were able to verify that the system
is fusing. We found that trying to shield the wire which supports the basket
caused more issues to the system then losing a small portion of the deuterons
inside the chamber due to collisions of the duetrons and the naked wire. Factors
that affect and alter the rate of fusion, such as neutrals and incandescence, were
also investigated. The affect due to neutrals manifests itself in the form of
a decreased neutron count due to collisions and through the loss of neutrons
due to (3 decay. Incandescence directly affects the system but varies with the
many factors and will affect the plasma differently at different temperatures,
currents, and voltages. Computer code for determining the probability of fusion
was discussed and pseudo code was drafted but has a large time complexity
associated with it. By distributing the load of the program across a server or
several computers it would not be difficult to run relatively large simulations.
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Appendix
The pseudo code to predict the probability of fusion is shown below. A fixed
time step that is standard for SIMION will be used:
1. Run a simulation in SIMION with a specific grid and parameters assigned.
2. Export the particle data from SIMION (i.e. position, velocity) and as
semble the data into a linked list.
3. Look at all of the particles for a given time step. Pick the first particle in
the list and evaluate if there are any other particles within Rmax of that
particle.
4. If a particle is within Rm.ax of the first particle in the list, calculate the
kinetic energy of the pair.
5. Look up a for the specific kinetic energy of the pair.
6. Calculate the distance, d, between the particles.
7. If d < Rmax then there is fusion. If d > Rmax , then fusion does not occur
for this pairing.
8. If the two particles fused, remove them from the linked list. If they did
not fuse, continue evaluating possible collisions for the first particle in the
list.
9. Once all of the possible collisions for the first particle have been evaluated,
increment to the next particle in the list.
10. Once all of the possible collisions for the first time step have been evalu
ated, increment to the next time step.
11. Repeat steps 3 - 9 until all the possible collisions for the simulation have
been evaluated.
12. Calculate the probability of fusion given the number of fusible collisions
compared to non-fusible collisions.
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